A measurement of the n-3 He coherent scattering length using neutron interferometry is reported. The result, b c = ͑5.8572± 0.0072͒ fm, improves the measured precision of any single measurement of b c by a factor of eight; the previous world average, b c = ͑5.74± 0.04͒ fm, now becomes b c = ͑5.853± 0.007͒ fm. Measurements of the n-p, n-d, and n-3 He coherent scattering lengths have now been performed using the same technique, thus allowing one to extract the scattering length ratios: parameters that minimize systematic errors. We obtain values of b n 3 He / b np = ͑−1.5668± 0.0021͒ and b nd / b np = ͑−1.7828± 0.0014͒. Using the new world average value of b c and recent high-precision spin-dependent scattering length data also determined by neutron optical techniques, we extract new values for the bound singlet and triple scattering lengths of b 0 = ͑9.949± 0.027͒ fm and b 1 = ͑4.488± 0.017͒ fm for the n-3 He system. The free nuclear singlet and triplet scattering lengths are a 0 = ͑7.456± 0.020͒ fm and a 1 = ͑3.363± 0.013͒ fm. The coherent scattering cross section is c = ͑4.305± 0.007͒ b and the total scattering cross section is s = ͑5.837± 0.014͒ b. Comparisons of a 0 and a 1 to the only existing high-precision theoretical predictions for the n-3 He system, calculated using a resonating group technique with nucleon-nucleon potentials incorporating three-nucleon forces, have been performed. Neutron scattering length measurements in few-body systems are now sensitive enough to probe small effects not yet adequately treated in present theoretical models.
I. INTRODUCTION
Over the last few years a combination of computational and theoretical advances has led to a qualitative improvement in calculations of the properties of few-nucleon systems starting from the extensive data on the nucleon-nucleon ͑NN͒ interaction [1] [2] [3] [4] [5] [6] [7] [8] [9] . The most precise data available to compare to these new calculations are few-nucleon binding energies and energy levels, which in most cases are extremely well known. These calculations should also be able to accurately predict the low-energy scattering observables such as the S-wave scattering lengths in the various fewnucleon systems.
Neutron interferometric methods for measuring the coherent scattering length, which is the linear combination of scattering lengths that gives rise to the optical potential of a neutron in a medium, have now reached precisions better than 10 −4 in certain nuclei [10] . This precision is now high enough to severely test the models if the measurements are conducted in few-body systems. We have recently reported a very precise measurement of the bound coherent n-d scattering length [11, 12] . New calculations of the n-d scattering lengths utilizing modern NN potentials have also recently been reported [13] . These measurements, combined with the new calculations, reveal that all modern NN potential models, with and without three-nucleon forces, and with and without electromagnetic interactions, fail to reproduce the experimental bound coherent n-d scattering length.
In this article, we report a measurement of the bound coherent scattering length in the n- 3 He system. In this particular case, there is a recent high-precision measurement [14] of the incoherent scattering length using the technique introduced by Abragam et al. [15] of nuclear pseudomagnetic precession of polarized neutrons in a polarized target. We are therefore able to extract new high-precision values of the separate scattering lengths in both S-wave channels of the n- 3 He system. Again, a comparison with the most accurate available calculation for this system shows significant differences between theory and experiment. Taken together, these results suggest that neutron scattering length measurements are now sensitive to effects in nuclear few-body systems such as three-nucleon forces and charge symmetry breaking-effects that are still poorly understood.
Yet another motivation for increased precision in neutron scattering length measurements stems from the recent development of effective field theories (EFT) for low-energy nuclear systems. EFTs have engendered renewed optimism and excitement that a description of nuclear forces and fewnucleon systems may soon be achieved that is both conceptually and quantitatively accurate. Effective field theories separate nuclear interactions into two energy regimes; those above and those below some physically meaningful energy threshold, i.e., the pion mass. Below threshold, all possible diagrams consistent with the symmetries of the system are explicitly calculated in a perturbative scheme in which higher-order terms are suppressed by factors of the ratios of low excitation energies to the higher scale. Contributions from higher-energy processes are parametrized by a shortrange, mean-field potential whose strength in a given channel is fixed by experimentally determined low-energy constants that are sensitive to the channel in question. As each new order of low-energy diagrams is considered, increased descriptive power is obtained and new interaction mechanisms appear. Each additional order requires another low-energy observable to constrain the mean-field behavior. The principal virtue of the EFT approach is the theoretical coherence it imposes on the study of low-energy systems. The complete physics appropriate to any order of calculation is inherent to the method, at least as rigorously implemented. In principle, model dependence is reduced to the choice of the threshold and the number of orders calculated.
Tactically, the EFT paradigm implies a new interdependence and interactivity between theory and experiment, both in constructing the calculation and in analyzing the result. Because each order of calculation requires as input the accurate determination of an additional low-energy parameter, the success of this technique relies critically on high precision measurements of low-energy observables such as binding and excitation energies and scattering lengths. In the case of the n-d system, for example, a scattering length is known to fix the lowest-order constant in an EFT approach [16] . From an EFT point of view, we expect that our measurement in the n- 3 He system will provide the same essential input to future EFT calculations of the four-nucleon system that the n-d measurement already provides for the three-nucleon ͑3N͒ system.
II. NEUTRON OPTICS THEORY
The neutron and the 3 He nucleus are both spin 1 / 2 objects that form total spin singlet ͑S =0͒ and spin triplet ͑S =1͒ scattering states. The coherent scattering length is proportional to the part of the scattering amplitude of the system that leaves the quantum mechanical state of the target unchanged and is therefore connected to the optical potential of the neutron in the medium. For S-wave scattering appropriate at the very low (few-meV) neutron energies used in our measurement, the relation between the nuclear coherent scattering length a c and the scattering lengths in the singlet and triplet channels, a 0 and a 1 , respectively, is given by
The bound coherent scattering length, b c , is related to the free nuclear scattering length, a c , by
where m n is the neutron mass and m3 He is the mass of the 3 He atom.
The bound coherent scattering length is one particular linear combination of the triplet and singlet scattering lengths. Knowledge of some other combination, in particular the bound incoherent scattering length b i , given by
allows one to independently extract the singlet and triplet bound scattering lengths b 0 and b 1 , and hence the free nuclear scattering lengths a 0 and a 1 .
The phase shift measured in neutron interferometry is proportional to the real part of the S-wave coherent scattering amplitude in the medium. It is important to be precise about the definition of this scattering amplitude in our case because the large absorption cross section for 3 He gives rise to an imaginary part to the scattering amplitude that cannot be neglected in the expression for the phase shift. Here we briefly review the origin of this relation [17] .
In nonrelativistic potential scattering, the wave function at large distances from the scattering center takes the form
where k ជ is the incident wave vector and f͑͒ is the scattering amplitude. Let = r + i i be the (complex) S-wave phase shift in the partial wave expansion for the scattering amplitude. In terms of the S-wave phase shift, one can express the scattering amplitude and the scattering, absorption, and total cross sections as
As can be seen, the expression for t obeys the optical theorem. Since 2 / k 2 = 1.2ϫ 10 8 b for the neutron wavelength of = 0.27 nm used in this work, and a =1ϫ 10 4 b, the S-wave phase shift 2 Ϸ 1 ϫ 10 −4 Ӷ 1. Therefore, the wave function for S-wave scattering takes the form
in the r → 0 limit to 1 ϫ 10 −4 accuracy. Now when one solves the Schrodinger equation in a solid by assuming a solution of the form
for the coherent wave in the medium, the small range of the neutron-nucleus potential relative to the atomic spacings means that the source term in the inhomogeneous differential equation is dominated by the r → 0 singularity of the spherical waves emitted from all the scattering centers in the solid:
͑11͒
Upon expanding ͑r ជ͒ in a Fourier series and concentrating on solutions appropriate to a uniform medium for which the in-medium wave vector kЈ is close to the incident wave vector k, one gets the following relation between the dominant term in the Fourier expansion, proportional to ␣ −1 , and the plane-wave term ␣ 0 :
where N is the number density in the medium. This ratio for an incident plane wave of unit amplitude ␣ 0 = 1 is the (complex) coherent scattering amplitude b c . 1 Using the definition of the index of refraction kЈ = nk, also complex in general, we obtain the (complex) phase shift
where D is the thickness of the sample. Alternatively, one can express the phase shift in terms of a (complex) index of refraction as follows:
Therefore, the real part of the phase shift is directly proportional to the real part of the coherent scattering amplitude b c for S-wave scattering to 10 −4 accuracy even in a nucleus such as 3 He with a strong absorption cross section. It is clear that this approximation will break down in the presence of a scattering resonance, since in this case the phase shift is no longer small and the approximate expression for the scattering amplitude in terms of the phase shift is no longer valid.
III. EXPERIMENTAL PROCEDURE AND RESULTS
Our measurement of b c for the n- 3 He system was performed at the National Institute of Standards and Technology (NIST) Center for Neutron Research (NCNR) Interferometer and Optics Facility [18] . This facility consists of a perfect silicon crystal neutron interferometer, shown schematically in Fig. 1 . A cold monochromatic neutron beam (E = 11.1 meV, = 0.271 nm, ⌬ / ഛ0.5%) enters the facility and is coherently divided via Bragg diffraction into two beams that travel along paths I and II. These beams are again diffracted and then coherently recombined. A detailed description of the facility, experimental arrangement, and procedures for the determination of neutron coherent scattering lengths can be found in Ref. [11] .
The bound coherent scattering length, b c , can be determined using neutron interferometric techniques. It is directly proportional to the neutron optical potential that gives rise to the phase shift between the two arms of the interferometer. This phase shift is given by
where is the neutron wavelength, N is the atomic number density, and D ef f is the effective (geometric) thickness of the sample [19] . Corrections to this relation between the phase shift and the optical potential are small compared to presently achievable accuracies [19, 20] . To measure b c to 0.1% absolute accuracy, the neutron optical phase shift , the atom density, the sample thickness, and the neutron wavelength must each be measured to a precision of at least 0.04%. A secondary sampling method is used to measure the phase shift due to the gas sample. This is accomplished by positioning a rotatable quartz phase shifter across the two beams as shown in Fig. 1 . The intensities of the beams that arrive at the two 3 He detectors are a function of the phase shifter angle ␦ and are given by
The values of A O , A H , B, and C are extracted from fits to the data. The function f͑␦͒ depends on the Bragg angle B and is a measure of the neutron optical path length difference between the beams induced by the phase shifter and is given by
The 3 He gas is housed in a cell specifically designed to minimize the phase shift cell due to the aluminum walls of the cell (see Fig. 1 ). 3 He gas (99.999% chemically pure, 99.99% isotopically pure [21, 22] ) at a pressure of 3.380 ϫ 10 5 Pa ͑3.34 atm͒ was introduced into path I, while keeping the chamber in path II evacuated. The phase shifts arising from the presence of the 3 He gas and cell ( gas and cell ) were determined by collecting Ϸ10 3 interferogram pairs with the cell positioned both within the interferometer and removed from the beam paths. The phase difference between cell-in /cell-out sets of interferograms is extracted for each pair, with a typical set shown in Fig. 2 . This procedure was repeated with both chambers evacuated to determine the phase shift arising from the difference in aluminum wall thickness between the two chambers of the target cell. The cell phase shift cell was determined to be cell = ͑−1.379± 0.002͒rad. 1 The derivation performed in Ref. The atom density was determined using the ideal gas law with virial coefficient corrections up to the third pressure coefficient. Values for these coefficients are B P = 4.797 ϫ 10 −9 Pa −1 and C P = −1.129ϫ 10 −17 Pa −2 , 2 and are obtained from Refs. [23, 24] . Note that the correction for C P has no effect on the final result. The absolute temperature was continuously monitored using two calibrated 100 ⍀ platinum thermometers that have an absolute accuracy of 0.023% at 300 K. The pressure was continuously monitored using a calibrated silicon pressure transducer capable of measuring the absolute pressure to better than 0.01%. The wavelength of neutrons traversing the interferometer was measured using a pyrolytic graphite (PG 002) crystal. This analyzer crystal, calibrated separately against a Si crystal, was placed in the H beam of the interferometer and rotated such that both the symmetric and antisymmetric Bragg reflections were determined. Using this technique, the mean wavelength was determined to be = ͑0.271207± 0.000005͒nm. In a separate test, the stability of the wavelength over time was shown to be 0.001%. More details on the measurement techniques and systematic uncertainties involved in the determination of the neutron wavelength, atom density, temperature, and cell thickness, which were identical to those used in our previous measurements of the n-p and n-d coherent scattering lengths, can be found in Ref. [11] .
The cell's effective thickness depends on the true cell thickness D 0 and the horizontal and vertical tilt angles with respect to the neutron beam direction, ⌬⑀ and ⌬␥, respectively, according to
The thickness of the gas cell, D 0 , was measured using the NIST Precision Engineering Division Coordinate Measuring Machine [25] and determined to be ͑1.0016± 0.0001͒ cm and is uniform at the 0.01% level. The thickness was corrected for thermal expansion and contraction due to temperature fluctuation for each individual run. The change in thickness of the cell due to the gas pressure is negligible. ⌬⑀ and ⌬␥ were measured independently and both were set such that their values are consistent with zero. The upper bounds for both ⌬⑀ and ⌬␥ are 2 mrad, which gives a negligible change in the thickness. The value of the bound coherent scattering length was calculated for each data set on a run-by-run basis and is shown in Fig. 3 . These values are combined using a weighted average to obtain b c = ͑5.8572± 0.0072͒fm. A more detailed treatment of the statistical uncertainties associated with interferometric scattering length measurements is also given in Ref. [11] . Table I summarizes the parameters and relative uncertainties of all parameters used to extract b c . The upper limit on the uncertainty arising from the manufacturer's stated impurities in the 3 He (including 4 He) is 4 ϫ 10 −5 , roughly two orders of magnitude smaller than the statistical uncertainty. 2 The value for C P was taken from 4 He data. 3 He present in the cell. The oscillations arise from the change in path lengths created as the phase shifter is rotated (see Fig. 1 ). Data are shown for both the cell in and out of the interferometer. 
FIG. 2. A typical pair of interferograms with

IV. DISCUSSION AND FUTURE DIRECTIONS
Our value represents a factor of eight improvement in precision over any single previous measurement of b c . Using the values published in Refs. [26] [27] [28] [29] [30] , we obtain a value of b c = ͑5.74± 0.04͒fm for the previous world average. Our value is larger than the previous world average by roughly three standard deviations (see Fig. 4 ), thus shifting the value for the present world average to b c = ͑5.853± 0.007͒fm and improving the precision by a factor of six.
Measurements of the n-p [11] , n-d [11, 12] , and n-3 He coherent scattering lengths have now been performed in an identical manner using the same apparatus (cell, neutron wavelength analyzer, and pressure and temperature monitors). The reported values are b np = ͑−3.7384± 0.0020͒fm [11] , b nd = ͑6.6649± 0.0040͒fm [11, 12] , and b n 3 He = ͑5.8572± 0.0072͒fm (this result). One can take the ratio of any two of these values to minimize any systematic effect that in principle could still remain. Although this ratio will possess additional statistical uncertainties, it will be independent of any unknown systematic uncertainty to first order. Using b np as the reference, we obtain b n 3 He /b np = ͑− 1.5668 ± 0.0021͒,
One can also extract considerably improved values for the real parts of the singlet and triplet neutron scattering lengths using the improved value of b c . In a recent experiment, the value for the n- 3 He bound incoherent scattering length, b i = ͑−2.365± 0.020͒fm, was determined using nuclear pseudomagnetic precession in a polarized 3 He target placed in a neutron spin echo spectrometer [14] . This value represents an impressive improvement of a factor of 30 over previous measurements. Combining the new value of b i with the new world average of b c , one obtains considerably improved values for the singlet and triplet bound scattering lengths:
Using the recommended values for the atomic 3 He mass and neutron mass [31] and Eq. (2), the free nuclear singlet and triplet scattering lengths are then a 0 = ͑7.456 ± 0.020͒fm, a 1 = ͑3.363 ± 0.013͒fm.
We note that the uncertainty in these values is primarily due to the uncertainty in b i .
The coherent scattering cross section c = 4b c 2 = ͑4.305 ± 0.007͒b, ͑19͒
which, when added to the Zimmer et al. result for the incoherent scattering cross section, namely i = ͑1.532± 0.012͒b [14] , gives a new value for the scattering cross section,
Hofmann and Hale have recently published new calculations of the spin-dependent n- 3 He scattering lengths using the resonating group method and a variety of modern NN and 3N potentials [32] . Comparisons of the experimental free nuclear singlet and triplet scattering lengths with theoretical calculations of these parameters were performed using the Argonne v 18 (AV18) [33] NN potential with the Urbana IX (UIX) [8] and V 3 * [34, 35] three-nucleon forces. The results of these calculations are shown in Figs. 5 and 6 alongside the experimental data.
The discrepancy between the calculated and the extremely well-known experimental value of the 3 He binding energy can be understood by noting that the number of J channels included in the calculation was limited in order to make it tractable. In addition, the three-body potentials used in the calculation were parameterized in terms of Gaussians, which seems to have induced a small shift in the calculated binding The theoretical values were calculated using the AV18+ UIX and AV18 + UIX+ V 3 * potential models [32] . Note that the experimental uncertainty on the 3 He binding energy is negligibly small E bind = −7.718109± 0.000010 MeV [36] .
energies. (For further details on the calculations, see Refs. [32, 35] .) It is clear however that the theoretical predictions from even these impressive, state-of-the-art calculations using resonating group techniques still lie outside the range of experimental uncertainties for the 3 He binding energy and the singlet and triplet scattering lengths.
One can also directly compare the experimental measurements of b c and b i with the combined values of the theoretically calculated singlet and triplet scattering lengths. This comparison is shown in Table II .
The theoretical calculations using the AV18+ UIX and AV18+ UIX+ V 3 * potentials agree quite well with the measured value of b c but fail to reproduce b i . This disagreement is not entirely surprising. It has been shown that modern NN potentials, even with 3N forces adjusted to match the 3 He binding energy, disagree with the n-d coherent scattering length [11] [12] [13] . (We note that the AV18+ UIX+ V 3 * potential model has not been tested in this way.) Given this existing disagreement in the n-d system, one is not too surprised to see disagreement at comparable precision in the much more complicated n- 3 He system. It would be interesting to compare exact four-body calculations of the n- 3 He scattering lengths using modern potentials. As noted in the Introduction, the greatest potential utility of these measurements may come from their use in future EFT-based calculations of observables in the four-nucleon system.
It is also interesting to consider how the experimental determinations of the n- 3 He scattering lengths can be further improved. Our measurement of the coherent scattering length is dominated by statistical uncertainties in the measurement of the phase shifts and consequently there is still room for improvement. In the case of the incoherent scattering length determination from pseudomagnetic precession performed by Zimmer et al. [14] , the accuracy is unfortunately limited by the poor experimental knowledge of the relative contributions of singlet and triplet channels to the n- 3 He absorption cross section. A better measurement of this ratio, currently known to Ϸ1% [37, 38] , could be immediately combined with the Zimmer et al. measurement to improve the accuracy of b i by as much as a factor of three. In addition, a new measurement currently being planned at NIST to directly measure the spin-dependent n-3 He scattering lengths is independent of this ratio [39] . Dramatically reduced uncertainties for a 0 and a 1 in n- 3 He are therefore possible.
The fact that three precisely measured neutron scattering lengths in few-body systems are now all in disagreement with the best current theories is intriguing. These results may imply that high-precision low-energy neutron scattering lengths now possess more sensitivity than nuclear binding energies and energy levels to small effects such as nuclear three-body forces, charge symmetry breaking, and residual electromagnetic effects not yet fully included in current models. We also note that it would be possible to perform high precision coherent neutron scattering length measurements in other few-body systems. In particular, our techniques could be extended to perform high precision coherent scattering length measurements in n-3 H and n-4 He. Although the more interesting n-3 H measurement possesses experimental difficulties due to the radioactive nature of the target, n-4 He could easily be performed. There is also a separate proposal to perform a high precision measurement of b i in the n-d system [40] . We encourage theorists in the field to consider including the calculation of neutron scattering lengths along with binding energies and energy levels in nuclear few body systems and make predictions that can be tested by new precision experiments. Comparison of the experimental and theoretical determinations of the free-atom triplet scattering length a 1 . The theoretical values were calculated using the AV18+ UIX and AV18 + UIX+ V 3 * potential models [32] .
